In this study, we report a facile one-pot hydrothermal way to prepare magnetic-dielectric Ni/ZnO composites. The effects of different solvents on the sizes and morphologies were investigated. The assynthesized composites were characterized by X-ray diffraction, scanning electron microscopy, vibrating sample magnetometry, transmission electron microscopy (TEM), and vector network analyses. The results showed that the viscosity of the solvents plays an important role in determining the sizes and morphologies of the Ni/ZnO products. All of the three Ni/ZnO products possessed two wide attractive absorption bands, which could broaden the effective absorption bandwidth. The absorption peaks located at a relatively high frequency were related to strong dielectric resonances, which could induce a high eddy current effect, therefore prompting microwave absorption. Among the three Ni/ZnO composites, the core-shell Ni@ZnO prepared in ethylene glycol solution exhibited the best microwave absorption properties. The optimal reflection loss was À30.2 dB and the effective bandwidth (RL below À10 dB, meaning 90% microwave absorption) could be adjusted in the frequency range of 9.6-14.3 GHz with a low thickness of 1.7-2.5 mm. The outstanding absorption was attributed to suitable impedance matching, an antenna receiver mechanism and a point charge effect, and the interfacial polarization. This study reports a simple method to design a magnetic metal-dielectric semiconductor absorber.
Introduction
With the rapid development of electromagnetic (EM) wave technology in the civilian and military elds, such as wireless networks, smartphones, computers, and satellite communications, a number of serious electromagnetic interference (EMI) issues have emerged in daily life, which represent a serious pollution problem. [1] [2] [3] [4] [5] Note that electromagnetic waves can break DNA, weaken the biological immune systems, and extensively threaten human health. [6] [7] [8] [9] Hence, there is an urgent need to seek a functional material with efficient EM attenuation, and consequently, many efforts have been devoted to the fabrication of a variety of novel materials to be used as microwave absorbers. 10, 11 A microwave absorber is a functional material that converts EM energy into other energy types or dissipates EM waves by interference. 12, 13 Furthermore, it is accepted that microwave absorbing materials should be lightweight, thin, and have a strong absorption ability and wide absorption frequencies.
14
It is well-known that the microwave absorption properties are manly affected by the microstructure and the dielectric and magnetic losses of the absorbers. 15 According to the microwave absorption mechanism, the absorbers can be classied into two categories: dielectric loss materials and magnetic loss materials. Nowadays, for obtaining superior microwave absorption, functional composites containing not only magnetic loss features but also a dielectric loss composition should be designed. These dielectric-magnetic absorbers may possess outstanding microwave absorption properties due to the synergistic effect among their constituents. To date, many types of dielectric-magnetic microwave absorbing materials have been reported such as Ni/SnO 2 22 In these composites, the combination of dielectric loss with magnetic loss renders the materials with superior microwave absorption properties. In particular, the microwave absorption properties of core-shell structured composites, such as Ni@polyaniline, 23 Ni/polypyrrole, 24 CuO/ Cu 2 O-coated Ni, 25 Ni@TiO 2 , 26 and PS@PPy@Ni 27 composites, have been investigated in detail. Based on these results, it can be concluded that the cooperation effects between magnetic loss and dielectric loss as well as the interfacial polarization are conductive to an improvement in the materials' microwave absorption capabilities. However, there are limited reports on the microwave-absorption properties of Ni/ZnO composites.
Currently, Ni has been extensively studied in the area of microwave absorption due to its high permeability at GHz frequency ranges and easy preparation, as well as low-cost. 28 A few recent studies showed that ZnO could also be used as a microwave absorption material due to its dielectric semiconductive properties and microwave absorption properties that are closely associated with its morphology.
29,30 Liu
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prepared Ni/ZnO nanocapsules by a modied arc-discharge technique, and these Ni/ZnO nanocapsules show excellent microwave absorption properties. In our previous study, 32 coreshell structured Ni/ZnO (ZnO polyhedron coating) composites with superior absorption were fabricated by a two-step method. The microwave absorption mainly originated from the coreshell structure and ZnO polyhedrons. However, the preparation of these Ni/ZnO hybrids involved a complex process or harsh condition, which restrict the application of Ni/ZnO. In this study, a facile one-pot hydrothermal method was applied to prepare Ni/ZnO composites. The morphologies of the Ni/ZnO composites could be modulated by controlling the solvents. A core-shell composite composed of ZnO nanorods grown on Ni particles showed outstanding microwave absorption. This study provides a lead to design dielectric-magnetic absorber via an economical and simple method.
Experimental section

Materials
All the chemical reagents applied in the experiments were of commercial grade and used without further modication. Nickel chloride hexahydrate (NiCl 2 $6H 2 O), and glycerol were provided from Xilong Chemical Reagent Co. Ltd. (Guangdong, China). Hydrazine hydrate, ethylene glycol, Zn(CH 3 COO) 2 -$2H 2 O, and absolute ethanol were supplied from Kaitong Chemical Reagent Co., Ltd. (Tianjin, China).
Synthesis of Ni/ZnO composites
The Ni/ZnO composites were successfully synthesized by a facile one-pot method. Briey, NiCl 2 $6H 2 O (1.2 g, 5.0 mmol) and Zn(CH 3 COO) 2 $2H 2 O (2.2 g, 10 mmol) were slowly dissolved in a mixture containing 30 mL distilled water and 30 mL absolute ethanol under magnetic stirring. Then, hydrazine hydrate (8 mL) was slowly added to the abovementioned mixture solution. Aer the solution was magnetically stirred for 1 h at room temperature, the solution was moved into a Teon-lined stainless-steel autoclave (100 mL capacity). The autoclave was then sealed and kept at 140 C for 15 h, and then naturally cooled down to room temperature. The obtained Ni/ZnO composites were then rinsed several times with ethanol and distilled water. Finally, the products were dried under vacuum at 80 C for 12 h. To investigate the inuence of the morphology of Ni/ZnO composites on the electromagnetic properties, 30 mL absolute ethanol was subsequently replaced by 30 mL ethylene glycol and 30 mL glycerol. For convenience, the Ni/ZnO composites synthesized in the solutions, including absolute ethanol, 1,2-propanediol, and glycerol were denoted as Sample A, Sample B, and Sample C, respectively.
Characterization
Phase analysis of the products was performed by powder X-ray diffraction (XRD, Rigaku SmartLab) using a Cu Ka radiation (l ¼ 0.15418 nm). The surface morphologies of the samples were characterized using eld emission scanning electron microscopy (FESEM, JEOL JSM-7001F), whereas associated energydispersive X-ray spectroscopy (EDS Oxford Instruments) was carried out to analyze the elemental compositions of the composites. The transmission electron microscopy (TEM) and high resolution TEM (HRTEM) images were observed using a JEOL JEM-2010 transmission electron microscope. 
where Z 0 is the impedance of free space, Z in stands for the input characteristic impedance, 3 r is the complex permittivity, m r is the complex permeability, f symbolizes the frequency, c represents the velocity of light, and d means the thickness of the composites.
Results and discussion
Crystal structures of the synthesized samples were investigated by XRD, and the corresponding results are shown in Fig. 1 
No diffraction peaks from other materials could be observed, indicating the high purity of the products. Moreover, we also observed that the viscosity of the solvent solution can also affect the crystallinity of Ni in the Ni/ZnO composites.
The morphology and microstructure of the Ni/ZnO composites were examined by FESEM. Fig. 2 shows the FESEM images and EDS pattern of the Ni/ZnO composites prepared in the solvent solution containing 30 mL distilled water and 30 mL ethanol. Based on the EDS result ( Fig. 2c) , it could be found that the as-obtained Ni/ZnO composites were made up of Ni, Zn, and O elements. The existence of the Si peaks originate from the Si slice to support the samples during observation. Pt peaks were also found in the EDS prole because the SEM sample was fabricated by coating platinum onto the sample. From the overview observation (Fig. 2a) , interestingly, there are a large number of nanorods radiating from the center. Moreover, plenty nanoparticles can also be observed on the surfaces of the nanorods. With magnication of the FESEM image (Fig. 2b) , it can be clearly seen that the nanoparticles are scattered among the nanorods. It is wellknown that ZnO is prone to form a one-dimensional structure due to its unique hexagonal wurtzite crystal structure. 29, 36, 37 In combination with XRD analysis, we deduced that the nanorods and nanoparticles were ZnO and Ni products. Under the condition of 30 mL distilled water and 30 mL ethanol, Ni and ZnO did not generate chemical bonds and formed a special structure (such as a core-shell structure). The synthesized Ni/ ZnO is only a mixture of scattered Ni nanoparticles and radial-shaped ZnO particles. Fig. 3 shows the SEM images and EDS pattern of the Ni/ZnO composites (Sample B) prepared in the solvent solution containing 30 mL distilled water and 30 mL ethylene glycol. From the EDS pattern (Fig. 3c ) of the Ni/ZnO composite (marked in Fig. 3b ), it could be concluded that the Ni/ZnO composites were made up of Ni, Sn, and O elements. From the different magnication FESEM images ( Fig. 3a and b) , interestingly, the dispersed Ni and radial-shaped ZnO products are not seen. Instead, we can observe that the ZnO nanorods are grown on Ni nanoparticles to form special core-shell structures. However, the sizes of Ni and ZnO are bigger than those in Sample A, whereas the length of nanorods becomes shorter, which is attributed to the steric hindrance effect of ethylene glycol. 38 Thus, it can be concluded that Sample B comprises Ni nanoparticle cores and ZnO nanorod shells. The special core-shell structure is favorable for an enhancement of the microwave absorption properties. When the solvent solution was further changed and glycerol replaced ethanol, it was found that the products were composed of aggregated ZnO nanorods and dispersed Ni nanoparticles ( Fig. 4a and b) , which is very similar to the case of Sample A. However, with further observation, ZnO could be seen to present an irregular rod-like shape, whereas the Ni particles are scattered among the rods. Note that it could also be seen that Sample C consisted of Ni, ZnO, and O elements according to the EDS result (Fig. 4c) . Based on the abovementioned XRD, SEM, and EDS results, we can infer that the various morphologies of the Ni/ZnO composites can be obtained by modulating the solvent solution.
For further observing the morphology and structure of the Ni/ZnO composites, the TEM analysis was carried out for the different Ni/ZnO samples prepared at different solvent solution. The TEM images of the samples are depicted in the Fig. 5 . As shown in Fig. 5a , it can be clearly seen that Sample A consists of radical-shaped ZnO and dispersed Ni particles. Moreover, some nanoparticles exist among the ZnO nanorods. However, the absence of a special structure or chemical bonds between Ni and ZnO can be noted. Interestingly, for Sample B, the phenomenon that ZnO nanorods are grown on Ni particles to produce core-shell structure can be observed in Fig. 5b . The size and length of the nanorods are bigger and smaller than those of Sample A, respectively. In Fig. 5d , ZnO nanorods and Ni nanoparticles co-exist in Sample C. To further reveal more detailed structural information about the nanorods, the HRTEM and SAED analysis of the nanorods were performed and the results are shown in Fig. 5c and its inset, respectively. The HRTEM image in Fig. 5c clearly exhibits a lattice fringe space of 0.26 nm, which is in accordance with that of the (002) planes of the wurtzite structure of ZnO. The inset of Fig. 5b presents the corresponding selected area electron diffraction (SAED) pattern obtained for the nanorod, which shows the highly crystalline nature and single-crystal feature of the ZnO nanorods.
It was hypothesized that the physical and chemical properties of the solvents would inuence the solubility, reactivity, and diffusion nature of the reagents and nally affect the growth and morphology of the samples. The ranking of the boiling points of the three types of solvents tested herein from low to high was ethanol, ethylene glycol, and glycerol, whereas the viscosity sequence of the solvents was ethanol < ethylene glycol < glycerol. [40] [41] [42] [43] For the ethanol solvent, its lower boiling point gives rise to the highest pressure in closed reaction systems, which is benecial for the growth of one-dimensional ZnO; moreover, the lowest viscosity facilitates the fast nucleation. Thus, in the mixture solution containing ethanol, ZnO shows perfect one-dimensional rod-like shapes and self-assemble to form a radical-shaped structure. In the solvent solution containing ethylene glycol or the glycerol solvent, a higher viscosity would hamper the growth rate but have a positive effect on the isotropic growth. Thus, the narrow distribution of the crystallite sizes of Ni and ZnO (big size and short length) could be achieved by increasing the hydroxyl numbers of polyol, which indicates that the expected size distributions and morphologies could be obtained by a diffusion-controlled process in the solution. In particular, for the ethylene glycol solvent, the suitable viscosity and boiling point favored the growth of ZnO nanorods on the Ni particles to generate a core-shell structure.
The eld-dependent magnetization of the Ni/ZnO composites was investigated at room temperature using a vibrating sample magnetometer (VSM). As shown in Fig. 6 , the three samples presented typical ferromagnetic hysteresis loops. Clearly, the magnetization values are mainly attributed to the presence of Ni constituents in these three samples. In general, a high magnetization value is attributed to a strong m 0 and m 00 value. In the current study, the magnetization only comes from Ni. the nonmagnetic ZnO composition. The low M s of the asprepared Sample A is mainly attributed to the perfect growth of ZnO and small Ni nanoparticles in low viscosity ethanol. The saturation magnetization of the Ni/ZnO composites tends to increase with solvent viscosity. This is due to the isotropic growth of ZnO and as the magnetic properties increased, the metal Ni nanoparticle became larger. At the same time, it can also be found that the coercivity (H c ) of the Ni/ZnO composite slightly changed (inset in Fig. 6 ). For ferromagnetic materials, the anisotropy energy (H a ) can be expressed as follows:
where m 0 is the universal value of permeability in free space and |K 1 | is the anisotropy coefficient. According to the abovementioned formula, it can be deduced that a lower M s can lead to a higher anisotropy energy, which is benecial for the enhancement of the electromagnetic wave absorption performance. Generally, based on the electromagnetic energy transformation mechanism, 46 the reection and attenuation properties of the microwave absorbing materials are mainly determined by the relative complex permittivity (3 r ¼ 3 0 À j3 00 ), the relative complex permeability (m r ¼ m 0 À jm 00 ), and a proper matching between the complex permittivity and permeability. The real parts (3 0 , m 0 ) of the complex permittivity/permeability are related with the storage capabilities of the electrical and magnetic energy within the absorber, whereas the imaginary parts (3 00 , m 00 ) represent the dissipation (or loss) of the electrical and magnetic energy. [47] [48] [49] Fig. 7 exhibits the frequencydependence of the electromagnetic parameters of paraffin composites added with 50 wt% Samples A, B, and C. Fig. 7a shows that the real permittivity (3 0 ) value decreases from Sample A to C in the investigated region, which is associated with their various morphologies. All the samples exhibited more or less uctuation, where, in particular, a strong change was observed in the frequency range of 11-13 GHz. The 3 0 values of Sample A are the highest among the three Ni/ZnO samples; in other words, this sample features the highest energy storage and polarization. 50,51 Fig. 7b shows the imaginary part (3 00 ) of the three Ni/ZnO composites, which show a similar trend between the different samples. Sample B presents the highest 3 00 value, which indicates its superior dielectric loss. The curves of the samples present a complicated frequency-dependence behavior. Note that in the range of 11-13 GHz, we can observe a strong resonance peak, which is related to the high conductivity and skin effects, electronic spin, and charge polarization because of the point effects and polarized centers. 52, 53 This mostly stems from the cooperation effect between Ni nanoparticles and ZnO nanorods. Moreover, based on the free electron theory, 7 3 00 z s/2p3 0 f, where s is the conductivity, it was found that the conductivity of Sample B is higher than that of the other samples in the major measured frequency. This results from the core-shell structure with one-dimensional rodlike ZnO shells connecting with each other to form a conductivity network, which induces conduction. Note that the dielectric resonance peaks show a blue-shi, which is correlated with the high conductivity in the resonance frequency. (Fig. 7d) , it was found that an obvious resonance peak is located at around 4.0 GHz, which is attributed to the natural resonance of the Ni nanoparticles.
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Furthermore, as for Sample C, another strong resonance peak at about 13.0 GHz can also be observed in the m 00 value, which corresponds to the strong dielectric loss, and low electric or magnetic energy. As to why there is this condition, it may be attributed to the consumption of the electromagnetic energy, 55 and further investigation is underway to assess this notion. Generally, magnetic loss is derived from the hysteresis loss, domain wall resonance, natural resonance, and the eddy current effect. The hysteresis loss from irreversible magnetization is negligible in a weak applied eld, whereas the domain wall resonance oen takes place in the 1-100 MHz range.
56,57
Hence, it is supposed that the natural resonance and eddy current effect contribute to the magnetic loss. If the magnetic loss mainly results from the eddy current effect, the values of
(where d is the thickness of the absorber, s is the electrical conductivity, and m 0 is the permeability of a vacuum) and would be independent of the frequency. 58 As shown in Fig. 8 , the values of C 0 drastically decrease in the frequency range of 2.0-8.0 GHz. However, when f is above 6.0 GHz, the values of C 0 remain approximately constant. Thus, we can conclude that the magnetic loss is mainly originated from the natural resonance and eddy current effect. Fig. 9 shows the reection loss (RL) of the Ni/ZnO samples with different thicknesses versus frequency. At rst, to more clearly compare the differences in the microwave absorption properties, the RL values of different Ni/ZnO samples at an absorber layer thickness of 2.0 mm were calculated and are shown in Fig. 9a . Note that all the samples exhibit two wide attractive absorption bands. Moreover, from Sample A to Sample C, the optimal RL peaks shi towards high frequency (blue-shi), which is loosely related with their morphologies. For two RL peaks, the peaks of the three samples are located at high frequency, which is consistent with the strong dielectric resonance (Fig. 7c) . This reveals that these RL peaks originate from a strong eddy current effect, which is induced by the high conductivity of the strong resonance. Among the three samples, one can observe that Sample B presents the best microwave absorption properties, which is attributed to its additional coreshell structures between Ni and ZnO nanorods compared with the other two samples. The thickness of the absorber is one of most important factors that not only inuence the intensity of the RL peak but also the position of the frequency at the reection loss minimum. Fig. 9b shows the calculated reection losses of the core-shell Ni@ZnO (Sample B) composite with different thicknesses. The thickness of Sample B was 2.2 mm, and the minimum reection loss could reach to À30.2 dB at 10.8 GHz with an efficient frequency bandwidth of about 2.5 GHz at the frequency range of 10.1-12.6 GHz. In fact, the absorption bandwidth is relatively narrow. This may result from the dielectric loss being the main contribution to the absorption, which is mostly apparent in high frequency (>8.0 GHz). The effective bandwidth (RL less than À10 dB, meaning 90% microwave dissipation) can be modulated in the frequency range of 9.6-14.3 GHz with a low thickness of 1.7-2.5 mm. Table 1 shows the microwave absorption properties of some recently reported Ni-based composites. 23, 24, 27, [59] [60] [61] [62] [63] In comparison with these Ni-based composites, the core-shell structured Ni-ZnO composite shows competitive application in terms of the absorber thickness and absorption efficiency. The frequency at the RL minimum gradually shis towards lower values with the increasing thickness. The peak shi was attributed to the phenomenon of quarter-wavelength attenuation, in which the absorption meets the phase-match conditions.
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To reveal the internal microwave absorption mechanism behind the EM parameters, the impedance matching ratio (Z r ) and attenuation constant (a) of the three Ni/ZnO composites at 0.1-15 GHz were calculated, as shown in Fig. 10 . Generally, to design superior absorbing materials, two pivotal factors should be considered. One is the impedance match, requiring the values of permittivity and permeability to tend to be equal, which permits microwaves to enter into the absorber as much as possible. 65 The other is the energy attenuation, demanding a strong electromagnetic propagation loss in the interior of the absorbers. 66 The impedance matching ratio Z r ¼ |Z in /Z 0 | 7 is shown in Fig. 10a . An absorber exhibits optimal impedance matching if Z r is equal to Z 0 , and the incident microwave would then obtain zero-reection at the front surface of the materials. Moreover, on the basis of the transmission line theory, the electromagnetic loss can be expressed by an attenuation constant (a). The EM attenuation constant can be described as follows:
where f and c are the frequency of the EM-wave and velocity of light, respectively. From Fig. 10 , the overall trend of impedance matching ratio values is Sample C > Sample B > Sample A, whereas the trend for the attenuation constant is Sample B > Sample A > Sample C in most frequency ranges. Sample C possesses the best impedance matching characteristics and the poorest attenuation ability. Sample A holds the poorest impedance matching ratio and the middle attenuation ability.
Moreover, a distinguished absorber should consider both impedance matching and attenuation ability at the same time and not just unilateral superior performance. Thus, it can be deduced that Sample B has outstanding microwave absorption properties with a moderate impedance matching character as well as a high attenuation ability. Apart from the suitable impedance matching and high attenuation ability of Sample B, its superior microwave absorption properties can also be attributed to its unique core-shell structure. On the one hand, the one-dimensional rod-like ZnO can be expected to act as an antenna center, 16, 67, 68 which can receive electromagnetic wave and cause a point discharge phenomenon. It would thus consume a large amount of microwave energy. On the other hand, the interfaces between Ni particles and ZnO can cause charge accumulation and interface polarization, 69, 70 which is favorable for the enhancement of microwave absorption.
Conclusions
In summary, dielectric-magnetic Ni/ZnO composites with different morphologies were successfully synthesized via a facile one-pot hydrothermal method using different solvents. It was found that the solvents affect the morphologies of the Ni/ ZnO composites. The viscosity ranking of the solvents plays a vital role in controlling the sizes and shapes of the Ni/ZnO products. The core-shell Ni@ZnO obtained in the solvent containing ethylene glycol showed excellent microwave absorption properties. The optimal reection loss minimum was À30.2 dB at 10.8 GHz with an absorber thickness of 2.2 mm. The effective bandwidth (RL less than À10 dB, meaning 90% microwave dissipation) could be modulated in the frequency range of 9.6-14.3 GHz with a low thickness of 1.7-2.5 mm. The superior absorption was attributed to an appropriate impedance match, high attenuation ability, an antenna receiver mechanism, and interfacial polarization. This study paves an easy avenue to design these magnetic metal-dielectric semiconductor absorbers.
